
Planetary	
  Solar	
  Time	
  and	
  Seasons	
  
Mike	
  Allison	
  
GISS	
  Lunch	
  Seminar	
  
2014	
  January	
  15	
  –	
  18:00	
  UTC	
  
MJD	
  5	
  6672.8	
  
MSD	
  4	
  9782.7	
  

Pluto	
  as	
  seen	
  from	
  Charon	
  
by	
  space	
  ar4st	
  Ron	
  Miller	
  



•  Allison,	
  M.	
  1997.	
  Accurate	
  analy5c	
  representa5ons	
  of	
  solar	
  5me	
  and	
  
seasons	
   on	
   Mars	
   with	
   applica5ons	
   to	
   the	
   Pathfinder/Surveyor	
  
missions.	
  Geophys.Res.Le;.	
  24,1967-­‐1970.	
  

•  Allison,	
  M.	
  and	
  M.	
  McEwen	
   	
  2000.	
   	
  A	
  post-­‐Pathfinder	
  evalua5on	
  of	
  
areocentric	
   solar	
  coordinates	
  with	
   improved	
  5ming	
   recipes	
   for	
  Mars	
  
seasonal/diurnal	
  climate	
  studies.	
  	
  	
  Planet.	
  Space	
  Sci.	
  48,	
  215-­‐235.	
  

•  Allison,	
  M.,	
  D.H.	
  Atkinson,	
  M.K.	
  Bird,	
  M.G.	
  Tomasko	
  	
  2004.	
  	
  Titan	
  zonal	
  
wind	
   corrobora5on	
   via	
   the	
   Huygens	
   DISR	
   solar	
   zenith	
   angle	
  
measurement.	
  	
  ESA	
  SP–544	
  	
  (A.	
  Wilson,	
  Ed.),	
  pp.	
  125-­‐130.	
  

•  Aharonson,	
  O.,	
  A.G.	
  Hayes,	
  J.I.	
  Lunine,	
  R.D.	
  Lorenz,	
  M.D.	
  Allison,	
  and	
  
C.	
   Elachi.	
   	
   2009.	
   	
   An	
   asymmetric	
   distribu5on	
  of	
   lakes	
   on	
   Titan	
   as	
   a	
  
possible	
  consequence	
  of	
  orbital	
  forcing.	
  	
  Nature	
  Geosi.	
  2,	
  851–854.	
  

	
  
	
  
•  Allison,	
  M.	
   	
   (Dra_ed	
  2014).	
   	
   Revised	
  planetocentric	
  mean	
  elements	
  

and	
   solar	
   5ming	
   constants	
   for	
  Mars.	
   	
   [Based	
   on	
   a	
   newly	
   published	
  
update	
  to	
  the	
  Mars	
  pole	
  precession	
  and	
  prime	
  meridian.]	
  

Planetary	
  Solar	
  Time	
  and	
  Seasons	
  –	
  Related	
  Papers	
  Published	
  

	
  	
  	
  	
  	
  In	
  preparaMon:	
  

“Paleo-­‐	
  	
  
Titan”	
  
study	
  

Titan	
  solar	
  
coordinate	
  
algorithm	
  

First	
  simple	
  
algorithim	
  
for	
  Mars	
  
lander	
  5me	
  

Mars	
  
Fic55ous	
  
Mean	
  Sun	
  



GISS/Columbia	
  collaborators	
  and	
  assistants	
  on	
  planetary	
  
solar	
  Mming/simulaMon	
  work	
  over	
  many	
  years:	
  
	
  

•  Wei	
  Zhou	
  
•  Noam	
  Solomon	
  
•  Megan	
  McEwen	
  
•  Jeremy	
  Ross	
  
•  Joe	
  Ferrier	
  
•  Rob	
  Schmunk	
  

With	
  significant	
  intellectual/moral	
  encouragement	
  from:	
  
	
  

•  Tony	
  Del	
  Genio	
  (GISS)	
  
•  Larry	
  Travis	
  (GISS)	
  
•  Gary	
  Russell	
  (GISS)	
  
•  Mike	
  Bird	
  (Universität	
  Bonn)	
  
•  Bill	
  Blume	
  (JPL	
  –	
  astronavigaMon)	
  
•  Rich	
  Zurek	
  (JPL	
  –	
  Mars	
  projects)	
  
•  Tom	
  Duxbury	
  (JPL	
  and	
  George	
  Mason	
  University)	
  
•  Oded	
  Aharonson	
  (CalTech)	
  



Some	
  Goals	
  for	
  this	
  Talk	
  on	
  Planetary	
  Solar	
  Time	
  and	
  Seasons	
  
	
  
•  Review	
  some	
  nuts	
  and	
  bolts	
  for	
  the	
  efficient	
  calcula5on	
  of	
  the	
  planet-­‐centered	
  

solar	
  posi5on	
  for	
  climate	
  modeling	
  or	
  data	
  analysis	
  …	
  including	
  seasonal,	
  diurnal,	
  
and	
  mul5-­‐millenial/paleoclimate	
  changes.	
  

•  Outline	
  some	
  of	
  the	
  ways	
  that	
  terrestrial	
  5ming	
  methods	
  and	
  standards	
  might	
  be	
  
(or	
  have	
  already	
  been)	
  applied	
  to	
  other	
  planets.	
  

•  Review	
  some	
  of	
  the	
  special	
  nomenclature	
  and	
  reference	
  standards	
  adopted	
  for	
  
astronomical	
  (and	
  Earth	
  historical)	
  5ming.	
  	
  And	
  along	
  the	
  way	
  .	
  .	
  .	
  provide	
  some	
  
(possibly	
  amusing)	
  tour	
  of	
  a	
  few	
  foibles	
  and	
  peculiari5es	
  to	
  the	
  subject	
  …	
  a	
  few	
  
maybe	
  relevant	
  to	
  extraterrestrial	
  or	
  paleo	
  circumstances.	
  





Planetocentric	
  
View	
  

Heliocentric	
  
View	
  

The	
  Astronomical	
  Reason	
  for	
  the	
  Seasons	
  
Primarily	
   –	
   the	
   obliquity	
   (5lt)	
   of	
   the	
   planetary	
  
spin	
  axis	
  with	
  respect	
  to	
  the	
  plane	
  of	
  the	
  orbit	
  ε	
  
.	
  .	
  .	
  along	
  with	
  the	
  variable	
  solar	
  distance	
  along	
  
the	
  eccentric	
  orbit.	
  	
  Ls	
  	
  is	
  the	
  standard	
  index.	
  

Given	
   the	
   planetocentric	
   solar	
   longitude	
  
(referenced	
   to	
   the	
   vernal	
   equinox),	
   the	
  
posi5on	
   of	
   the	
   Sun	
   on	
   the	
   planet’s	
  
celes5al	
   sphere	
   is	
   given	
  by	
   the	
   indicated	
  
legs	
   of	
   the	
   right	
   spherical	
   triangle	
   with	
  
hypotenuse	
  Ls,	
  along	
  with	
  the	
  angle	
  ε :	
  	
  

and	
  

(The	
  series	
  avoids	
  the	
  tangent	
  infini5es	
  and	
  the	
  
need	
  to	
  test	
  for	
  the	
  proper	
  quadrant.)	
  

But	
  for	
  eccentric	
  orbits,	
  Ls	
  advances	
  unevenly	
  with	
  5me.	
  



By	
  Kepler’s	
  2nd	
  Law,	
  equal	
  areas	
  
are	
  swept	
  out	
  by	
  the	
  radius	
  vector	
  in	
  equal	
  5mes	
  	
  
as	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  	
  Then	
  with	
  the	
  ellipse	
  eqn:	
  
	
  
	
  
which	
  integrates	
  to	
  

We	
  may	
  approach	
  the	
  calcula5on	
  of	
  a	
  
planet’s	
  5me-­‐of-­‐season	
  Ls	
  as	
  a	
  special	
  
form	
  of	
   the	
  Kepler	
  problem,	
  with	
   the	
  
instantaneous	
   solar	
  distance	
   given	
  by	
  
the	
  ellipse	
  equa5on	
  
	
  
where	
  the	
  geometric*	
  
mean	
  distance	
  
	
  
the	
  orbital	
  eccentricity	
  
	
  
and	
   the	
   true	
   anomaly	
   ν	
   	
   is	
   the	
   orbital	
  
longitude	
  eastward	
  from	
  perihelion.	
  
	
  
By	
  Kepler’s	
  3rd	
  Law,	
  the	
  orbit	
  period	
  
	
  
	
  
	
  
where	
  k	
  =	
  0.01720209895	
  AU3/2d–1.	
  
	
  
	
  
	
  
where	
  tp	
  is	
  the	
  5me	
  of	
  perihelion.	
  
_________________	
  
*Time-­‐mean	
  
	
  	
  	
  distance	
  

Calcula;on	
  of	
  Time	
  and	
  Distance	
  on	
  Orbit	
  

Total 
area 

Then	
  with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  where	
  	
  	
  	
  	
  	
  	
  	
  is	
  the	
  planetocentric	
  
solar	
  longitude	
  at	
  perihelion,	
  the	
  5me	
  of	
  season	
  is	
  
specified.	
  	
  (Beebe,	
  Suggs,	
  and	
  Liole,	
  1986.)	
  	
  However	
  .	
  .	
  .	
  	
  



There	
  are	
  many	
   other	
  ways	
  of	
   solving	
  
the	
  Kepler	
  problem	
  which	
  can	
  also	
  be	
  
applied	
  to	
  the	
  calcula5on	
  of	
  planetary	
  
seasons.	
   	
   But	
   in	
   fact,	
   both	
   e	
   and	
   Lsp	
  	
  
change	
   slowly	
   with	
   5me,	
   and	
   if	
   their	
  
secular	
  varia5on	
   is	
  admioed,	
   the	
   two-­‐
body	
  solu5on	
  is	
  no	
  longer	
  closed.	
  

Calcula;on	
  of	
  Time	
  and	
  Distance	
  on	
  Orbit	
  
	
  	
  	
  via	
  Mean	
  Element	
  Expansions	
  

Total 
area 

Another	
  approach	
  u5lizes	
  the	
  orbital	
  mean	
  anomaly	
  	
  M	
  =	
  [(t0	
  –	
  tp)	
  +	
  (t	
  –	
  t0)]	
  nanom	
  where	
  
	
  tp	
  =	
  t0	
  –	
  M(t0)/nanom	
  	
  	
  is	
  the	
  indicated	
  5me	
  of	
  perihelion	
  passage	
  and	
  nanom	
  the	
  mean	
  rate	
  of	
  
mo5on	
  corresponding	
  to	
  the	
  anomalis5c	
  orbit	
  period	
  τanom	
  =	
  360°/nanom.	
  

Now	
  the	
  Fourier-­‐Bessel	
  series	
  
for	
  the	
  “equa5on	
  of	
  center”	
  
in	
  terms	
  of	
  M	
  and	
  e	
  is	
  (e.g.	
  to	
  
sixth	
  order)	
  given	
  as	
  	
  
	
  	
  
	
  
Then	
  with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  the	
  seasonal	
  5ming	
  reduces	
  to	
  simple	
  arithme5c!	
  
For	
  more	
  details,	
  see	
  Allison	
  and	
  McEwen	
  (2000).	
  

(convergent	
  for	
  
	
  	
  	
  	
  	
  e	
  <	
  0.66274)	
  



‘Speed and direction,’ she repeated, ‘it’s 
everything . . . it tells you everything you need to 
know . . . if you can find out.’ 

– Carol Hill, The Eleven Million Mile High Dancer 

In	
  general,	
  six	
  elements	
  are	
  needed	
  to	
  describe	
  an	
  orbit	
  in	
  space.	
  	
  And	
  several	
  
different	
  choices	
  are	
  possible.	
  	
  a	
  and	
  	
  e	
  describe	
  the	
  size	
  and	
  shape	
  of	
  the	
  orbit.	
  
I,	
  Ω, and	
  ω describe	
  its	
  orienta5on.	
  	
  A	
  sixth	
  element	
  is	
  needed	
  to	
  set	
  the	
  5me	
  on	
  orbit,	
  
such	
  as	
  the	
  mean	
  anomaly	
  M	
  specifying	
  the	
  mean	
  mo5on	
  with	
  respect	
  to	
  perihelion.	
  

Orbits	
  and	
  Elements	
  



Mean	
  Element	
  RepresentaMons	
  of	
  Planetary	
  Orbits	
  
	
  	
  	
  	
  	
  For	
  “short-­‐term”	
  (centennial/millenial)	
  applicaMons,	
  recommend	
  

Astron. Astrophys. (282, 663–683; 1994) 

Provides	
  polynomial	
  expressions	
  for	
  classical	
  and	
  ellip5cal	
  mean	
  elements	
  of	
  the	
  eight	
  major	
  
planets	
  valid	
  over	
  ±6000	
  yr,	
  for	
  both	
  the	
  fixed	
  (J2000)	
  eclip5c	
  and	
  the	
  dynamical	
  eclip5c	
  and	
  
equinox	
  of	
  date,	
  along	
  with	
  harmonic	
  expressions	
  for	
  the	
  major	
  planetary	
  perturba5ons.	
  

fixed (J2000) equinox and ecliptic	



(! !!!L !"! !")



Mean	
  Element	
  RepresentaMons	
  of	
  Planetary	
  Orbits	
  
	
  	
  	
  	
  	
  For	
  long	
  term	
  (~ 10	
  million	
  yr)	
  applicaMons,	
  recommend	
  

Icarus (88, 266–291; 1998) 

Provides	
   tables	
   of	
   the	
   ten	
   largest	
   terms	
   for	
   the	
   amplitudes,	
   phases,	
   and	
   frequencies	
   of	
   the	
  
complex	
  ellip5cal	
  element	
   representa5on	
  of	
   the	
  major	
  planet	
  orbits,	
   for	
  mul5-­‐million	
  yr	
  5me	
  
scales.	
   	
  Using	
   complex	
   variable	
   arithme5c,	
   these	
   can	
  be	
   converted	
   to	
   i,	
  Ω,  e,	
  ω  as	
  needed	
  
paleoclimate	
  studies.	
  	
  (The	
  paper	
  also	
  verifies	
  the	
  robust	
  chao5c	
  nature	
  of	
  the	
  Solar	
  System!)	
  

The	
  long	
  (Myr)	
  term	
  evoluMon	
  of	
  planetary	
  obliquity	
  and	
  Lsp	
  can	
  then	
  be	
  
computed	
  using	
  the	
  analyMc	
  soluMon	
  technique	
  developed	
  for	
  Mars	
  by	
  

J. Geophys. Res. (79, 3375–3386; 1975) 

But	
   beware	
   of	
   the	
  
factor	
   2	
   change	
   in	
  
the	
   complex	
   variable	
  
defini5ons!	
  



IAU	
  recommended	
  (α , δ , W)	
  coordinates	
  for	
  planetary	
  spin	
  poles	
  are	
  published	
  
approximately	
  every	
  three	
  years	
  in	
  Celes;al	
  Mechanics	
  &	
  Dynamical	
  Astronomy.	
  	
  

Mars	
  pole	
  vector	
  and	
  prime	
  
meridian	
  will	
  be	
  revised	
  with	
  
lander	
  radio	
  tracking	
  by	
  
Kuchynka	
  et	
  al.	
  (2014)	
  

Saturn	
  has	
  problems	
  
(poorly	
  constrained	
  internal	
  rota5on)	
  

IAU	
  angle	
  W	
  is	
  measured	
  
along	
  a	
  planet’s	
  moving	
  
equator	
  from	
  its	
  ascending	
  
node	
  (“Q”)	
  on	
  the	
  ICRF.	
  Mercury	
  spin	
  pole	
  

coordinates	
  now	
  
incorporate	
  non-­‐
zero	
  obliquity	
  and	
  	
  
libra5ons	
  by	
  
Margot	
  (2009).	
  

Conversion	
  to	
  
planetocentric	
  angles	
  
requires	
  specificaMon	
  
of	
  the	
  planetary	
  orbits.	
  

Pluto	
  (now	
  listed	
  with	
  dwarf	
  planets)	
  
	
  
  α	
  =	
  	
  132°.993	
  
  δ0	
  =	
  	
  	
  	
  –6°.163	
  
	
  	
  W	
  =	
  237°.305	
  +	
  56°.3625225	
  d	
  





The Gregorian Calendar 

From	
  Les	
  Tres	
  Riches	
  Heures	
  Du	
  Duc	
  de	
  Berry,	
  
painted	
  by	
  the	
  Limbourg	
  brothers,	
  c.1416.	
  

A modification of the 12 month (average 365.25 day) Julian 
Calendar by Pope Gregory XIII (as invented by physician-
astronomer Aloysius Lilius, also advised by Christopher 
Clavius).  Established (in Catholic countries) on the day 
following 1582 Oct 4 (Julian), designated 1582 Oct 15, thereby 
resetting the vernal equinox to March 20 / 21. 
 
Every year exactly divisible by 4 is a leap year, except for 
centurial years which are not exactly divisible by 400.  (2000 is a 
leap year, 1900 and 2100 are not.) The resulting average 
calendar year length of 365 + 97/400 = 365.242500 days closely 
approximates the current tropical year of 365.24219 days. 

Leap	
  
Day	
  

However,	
  Duncan	
  Steel	
  argues	
  that	
  the	
  unstated	
  intent	
  of	
  Pop	
  Gregory’s	
  reform	
  was	
  to	
  match	
  the	
  
Vernal	
  Equinox	
  year	
  of	
  365.2524	
  d,	
  to	
  stabilize	
  the	
  da5ng	
  of	
  Easter.	
  



The year number epoch for the (“Anno Domini”) Christian calendar was established by the 
6th-century scholar Dionysius Exiguus.  (1 A.D. is no longer regarded as an accurate birth 
date for Jesus.) In the A.D./B.C. (or secular C.E./B.C.E.) designation, there is no year zero, 
and therefore the “new millennium” really began on January 1, 2001. 
 
However, astronomers often define a year 0 = 1 B.C., with prior years then designated with 
negative numbers.  The lunisolar Hebrew calendar is dated from the “Era of Creation” (Era 
Mundi) , dated -3760 Oct 7.  The Islamic calendar dates from the flight of Mohammed on 
+622 July 16.  The old Roman calendar dated from –752. 

Year	
  Number	
  Epochs	
  



One	
  of	
  the	
  beoer,	
  technically	
  informed	
  
books	
   on	
   the	
   history	
   of	
   the	
   calendar,	
  
wrioen	
  by	
  a	
  research	
  astronomer,	
  with	
  
many	
  amazing	
  stories.	
  

“… the English settlement of Old Virginia stemmed 
not from a simple desire for more land, for gold, for 
trade, or any such obvious thing.  Their persistence 
and repeated attempts around 1584–1590 and again 
in 1602, and then 1606 onward, were driven by an 
imperative to grab land on the seventy-seventh 
meridian in order to be able to introduce a novel 
calendar which would be demonstrably superior in 
terms of mathematics, astronomy, and religious 
veracity to the hated product of the Catholic Church.” 

–Duncan Steel 

The	
   date	
   and	
   Mme	
   of	
  
the	
   Earth’s	
   spring	
  
equinox	
   varies	
   from	
  
year	
  to	
  year.	
   	
  But	
  the	
  
date	
   itself	
   could	
   be	
  
closely	
   fixed	
   if	
   Mmed	
  
with	
   respect	
   to	
   a	
  
p r i m e	
   m e r i d i a n	
  
within	
  a	
  narrow	
  range	
  
o f 	
   l o n g i t u d e s	
  
centered	
  near	
  77°W	
  –	
  
“God’s	
  longitude!”	
  



Timing astronomical records/ephemerides: 

Julian Day Chronology 

Joseph Scaliger 1540 – 1609  

John Herschel 1792 – 1871  

As proposed by astronomer John Herschel (son of Sir William), a 
decimal count of Earth solar days elapsed since the start of the 
“Julian period” devised by chronologist Joseph Scalinger – on 
Greenwich mean noon, January 1, 4713 BC. = – 4712 Jan 1.5. 
(This the coincident start of the 28 year solar/dominical cycle, the 
19 year lunar/Metonic cyle, and the 15 year indiction/tax cycle!) 
 
Today and Now (2014 Jan 15, 18:00 UTC) is   JD 2456673.3 
 
The J2000.0 Epoch = 2000 Jan 1.5 = JD 2451545.0 
 
The Battle of Hastings 1066 Oct 14 = JD 2110701 
 

Modified Julian Date 
 
As used by some space tracking centers and timing services –  
MJD = JD – 2400000.5 provides a shorter number string and a 
reference to midnight instead of noon. 
 
MJD 0.0 = 1858 Nov 17, 00:00 UT 



Julian	
   Day	
   (JD)	
   numbers	
   are	
   tabulated	
   in	
  
each	
   edi5on	
   of	
   The	
   Astronomical	
   Almanac	
  
and	
   can	
   also	
   be	
   computed	
   from	
   any	
   of	
  
several	
  efficient	
  algorithms,	
  for	
  example:	
  
	
  
Hatcher,	
  D.A.	
  	
  1984.	
  	
  Simple	
  formulae	
  for	
  Julian	
  
Day	
   numbers	
   and	
   calendar	
   dates.	
   	
   Q.	
   J.	
   Roy.	
  
Astron.	
  Soc.	
  25,	
  53–55.	
  
	
  
Once	
   determined,	
   the	
   Julian	
   Day	
   number	
  
provides	
  a	
  ready	
  means	
  to	
  evaluate	
  the	
  day	
  of	
  
the	
  week,	
  for	
  any	
  date	
  in	
  history,	
  e.g.	
  as	
  
	
  

DayWk	
  #	
  	
  =	
  JD	
  –	
  IntegerPart[(JD	
  +1)/7]	
  +2	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  with	
  Sunday	
  =1,	
  etc.	
  
	
  
For	
   the	
   specifica5on	
   of	
   long-­‐term	
   rates	
   or	
  
trends,	
   astronomers	
   also	
   use	
   a	
   ra5onalized	
  
Julian	
   Year	
   =	
   exactly	
   365.25	
   days,	
  
some5mes	
   using	
   the	
   centennial	
   5me	
  
argument	
  

	
  T	
  =	
  (JD	
  –	
  2451545.0)/36525	
  
or	
  the	
  millenial	
  argument	
  

t	
  =	
  (JD	
  –	
  2451545.0)/365250.	
  



But	
  this	
  defini5on	
  was	
  excised	
  from	
  
the	
  AA	
  glossary	
  beginning	
  in	
  2005!	
  

However	
  …	
  the	
  AA	
  glossary	
  (for	
  2013)	
  s4ll	
  includes	
  as	
  a	
  defini5on:	
  

As	
  noted	
  by	
  Fukushima	
  (2001;	
  Global	
  rota5on	
  of	
  the	
  nonrota5ng	
  origin.	
  	
  Astron.	
  J.	
  122,	
  482–486),	
  “the	
  
NRO	
  [defining	
  new	
  longitude	
  origins	
  for	
  celes5al	
  and	
  terrestrial	
  reference	
  frames	
  in	
  place	
  of	
  the	
  classical	
  
equinoxes]	
  can	
  be	
  considered	
  to	
  be	
  equivalent	
  to	
  the	
  departure	
  point	
  implicit	
  in	
  Newcomb’s	
  determina-­‐
5on	
  of	
  the	
  expression	
  for	
  the	
  right	
  ascension	
  of	
  the	
  mean	
  Sun	
  (Newcomb,	
  1895;	
  Aoki	
  &	
  Kinoshita,	
  1983).”	
  

Following	
  Resolu5on	
  B1.8	
  of	
  the	
  XXIVth	
  Assembly	
  of	
  the	
  Interna5onal	
  Astronomical	
  Union,	
  and	
  beginning	
  
2003	
  Jan	
  1.0,	
  Universal	
  Time	
  (UT1)	
  is	
  defined	
  in	
  terms	
  of	
  the	
  “Earth	
  Rota5on	
  Angle”	
  θ 	
  between	
  the	
  
“Terrestrial	
  Intermediate	
  Origin”	
  (TIO)	
  and	
  the	
  “Celes5al	
  Intermediate	
  Origin”	
  (CIO)	
  as	
  
	
  
   θ	
  (UT1)	
  =	
  2π (0.7790572732640	
  +	
  1.00273781191135448	
  x	
  (Julian	
  UT1date	
  –	
  2451545.0),	
  
	
  
this	
  matching	
  the	
  older	
  rela5onship	
  between	
  UT1	
  and	
  Greenwich	
  Mean	
  Sidereal	
  Time	
  (GMST)	
  at	
  2003.	
  
	
  
GMST	
  was	
  itself	
  defined	
  so	
  that	
  its	
  evalua5on	
  at	
  12:00:00	
  (“noon”)	
  would	
  match	
  the	
  celes5al	
  right	
  
ascension	
  of	
  the	
  …	
  

A	
  Ridiculously	
  Brief	
  History	
  of	
  Time	
  (“Universal”	
  and	
  Solar)	
  	
  



Planetocentric	
  Solar	
  Coordinates	
  

αS	
  	
  	
  	
  	
  	
  =	
  r.a.	
  of	
  the	
  true	
  sun	
  
δS	
  	
  	
  	
  	
  	
  =	
  solar	
  declina5on	
  
Ls	
  	
  	
  	
  =	
  orbital	
  solar	
  longitude	
  wrt	
  V.E.	
  
αFMS	
  =	
  r.a.	
  of	
  Fici5ous	
  Mean	
  Sun	
  
VM	
  	
  	
  =	
  prime	
  meridian	
  hour	
  angle	
  

As	
  defined,	
  
αFMS	
  =	
  Ls	
  –	
  (ν–M)	
  
	
  	
  	
  	
  	
  	
  	
  	
  =	
  M	
  +	
  Lsp	
  

Marshall Kane on his way to a 
twelve o’clock appointment. 

Means When? 



The	
  Numerical	
  Defini;on	
  
of	
  Mean	
  Solar	
  Time	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Mean	
  Solar	
  Time	
  at	
  Greenwich	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  GHAQ	
  –	
  Rsun	
  +	
  12h,	
  
where	
  GHAQ	
  is	
  the	
  Greenwich	
  hour	
  angle	
  of	
  the	
  mean	
  
equinox	
  of	
  date	
  and	
  Rsun	
  is	
  the	
  right	
  ascension	
  of	
  the	
  
Fic;;ous	
  Mean	
  Sun.	
  	
  As	
  established	
  by	
  Simon	
  Newcomb,	
  
Rsun	
  =	
  18h38m45s.836	
  	
  +	
  8640184s.542T1900	
  +	
  0s.0929T21900	
  	
  	
  	
  

where	
  T1900	
  	
  is	
  elapsed	
  5me	
  in	
  Julian	
  centuries	
  (36525	
  days)	
  
post-­‐1900	
  January	
  0.5.	
  As	
  revised	
  by	
  Aoki	
  &	
  Kinoshita	
  (1982),	
  

Rsun	
  =	
  18h41m50s.54841	
  	
  +	
  8640184s.812866TUT1	
  +	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  0s.093104	
  T2UT1	
  –	
  6.2	
  x	
  10–6T3UT1	
  
where	
  TUT1	
  	
  is	
  elapsed	
  (UT)	
  5me	
  post-­‐2000	
  Jan	
  1.5.	
  

The	
   historical	
   antecedent	
   to	
  
Greenwich	
  Mean	
   Time	
   and	
  modern	
  
Coordinated	
  Universal	
  Time	
  (UTC).	
  

Sir	
  Arthur	
  Conan	
  Doyle’s	
  model	
  for	
  
Sherlock	
  Holmes’s	
  arch	
  enemy	
  –	
  
Prof.	
  James	
  Moriarty?	
  	
  (cf.	
  Schaefer,	
  
1993;	
  J.	
  Brit.	
  Astron.	
  Assoc.	
  103,	
  30.)	
  



The	
  Analemma	
  –	
  a	
  parame5c	
  plot	
  of	
  local	
  
true	
  solar	
  5me	
  –	
  local	
  mean	
  solar	
  5me	
  	
  (the	
  
“equa5on	
  of	
  5me”)	
  vs.	
  solar	
  declina5on.	
  



The Equation of Time in The New York Times! 



The Advancing 

Accuracy of 

Clocks 

Today, the fractional 
uncertainty in the most 
accurate atomic clocks 
is as small as 1 x 10-16 , 
equivalent to  ~ 10-11 
seconds per day! 



As recounted by Dava Sobel in 
Longitude – The True Story of a 
Lone Genius Who Solved the 
Greatest Scientific Problem of His 
Time . . . 
 

The invention of a seagoing 
chronometer, accurate to 1/3 
of a second per day [one part 
in ~300,000] permitted 
accurate navigation by the 
stars. 

Geoff Hunt 



Earth’s Prime Meridian 
and Standard Time 
zones were established 
by an international 
conference convened 
1884 in Washington, DC 
as led by a Canadian 
railway administrator, Sir 
Sanford Fleming."

“Prime meridian, prime 
meridian, I’m sick of 
prime meridian.” –1881	





The Greenwich meridian and 
transit telescope. 

Established by Sir George 
Airy in 1851, was agreed 
upon as the international 
standard in October 1884.   

Replaced by the International 
Celestial Reference Frame 
(ICRF) coordinated by 
navigational satellites, the 
Greenwich meridian is now 
more than 100 meters to the 
west of longitude 0°.0! 



Mars	
  
Prime	
  
Meridian	
  

0°	
  longitude	
  on	
  Mars	
  was	
  defined	
  by	
  the	
  1840	
  map	
  of	
  Beer	
  
&	
  Madler,	
  in	
  reference	
  to	
  a	
  near-­‐equatorial	
  feature,	
  
“Fas5gium	
  Aryn,”	
  within	
  the	
  “Sinus	
  Sebaeus”	
  region	
  later	
  
mapped	
  by	
  Schiaparelli.	
  

On	
  August	
  14,	
  1972,	
  Hal	
  Masursky,	
  Gerard	
  de	
  Vaucouleurs,	
  
and	
  Merton	
  Davies	
  selected	
  from	
  Mariner	
  9	
  images	
  a	
  500m	
  
diameter	
  crater,	
  which	
  they	
  dubbed	
  “Airy-­‐0,”for	
  the	
  
defini5on	
  of	
  	
  the	
  Mars	
  prime	
  meridian.	
  	
  However,	
  radio	
  
tracking	
  experimenters	
  at	
  JPL	
  have	
  recently	
  argued	
  for	
  a	
  
revised	
  defini5on	
  based	
  on	
  the	
  posi5on	
  of	
  the	
  Viking	
  1	
  
Lander,	
  now	
  determined	
  to	
  within	
  6m	
  on	
  the	
  surface.	
  



Merton Davies (1917–2001) 
Planetary Cartographer 

“The essence of exploration is 
finding answers for which there 
are no questions.” 

Planetary coordinates and prime meridians. 

Examples of Defining References for P.M.s 

Mercury      Crater Hun Cal at Longitude 20° 

Mars           Crater Airy-0 at Longitude 0° 

Jupiter         W = 284°.95 + 870°.5366420 d2000 

Pluto            Sub-Charon meridian 



New	
  specificaMon	
  of	
  Mars	
  spin	
  pole	
  coordinates	
  by	
  Kuchynka	
  et	
  al.	
  (2014,	
  Icarus),	
  
based	
  on	
  lander	
  radio	
  tracking	
  over	
  many	
  years,	
  now	
  recommended	
  to	
  the	
  IAU	
  by	
  
the	
  Mars	
  Geodesy	
  and	
  Cartography	
  Working	
  Group	
  (2013	
  Nov	
  6).	
  

The	
  new	
  coordinates	
  can	
  be	
  fimed	
  to	
  
within	
   ±0°.0005	
   over	
   ±1000	
   years	
  
with	
   the	
   simpler	
   second-­‐order	
  
polynomial	
  expressions:	
  



Times	
  Square	
  –	
  2012	
  August	
  6	
  (post-­‐midnight!)	
  
	
  
Awai5ng	
  the	
  landing	
  of	
  MSL	
  Curiosity	
  at	
  05:17:57	
  UTC	
  =	
  01:17:57	
  EDT	
  (SCET)	
  
at	
  Mars	
  planetocentric	
  la5tude	
  	
  4°35’31’’	
  South.	
  	
  longitude	
  137°26’25’’	
  East.	
  
	
  
Curiosity	
  Mission	
  Clock	
  Time:	
  	
  15:03:08	
  
(Mars	
  Local	
  Mean	
  Solar	
  Time	
  for	
  target	
  coordinates)	
  	
  	
  	
  So	
  …	
  what	
  defines	
  this?	
  



By	
  a	
  numerical	
  fit	
  to	
  an	
  ephemeris	
  calcula5on	
  of	
  
solar	
  seasons	
  and	
  perihelia	
  over	
  134	
  orbits:	



αFMS =	
  270°.386	
  +	
  0°.5240384d2000	
  –	
  4x10–13d20002	
  

where	
  d2000	
  =	
  days	
  elapsed	
  post-­‐J2000.	
  
Mean	
  solar	
  day	
  (sol)	
  =	
  1.02749125d	
  .	
  
Tropical	
  year	
  =	
  1.880828Jyr	
  =	
  668.5921sol	
  



This	
  real-­‐5me	
  Mars	
  sunclock	
  and	
  solar	
  illumina5on	
  map,	
  coded	
  by	
  Robert	
  Schmunk	
  at	
  GISS,	
  
can	
  be	
  downloaded	
  to	
  your	
  	
  computer	
  desktop	
  at	
  hop://www.giss.nasa.gov/tools/mars24/.	
  



Large	
   perturba5ons	
   on	
   the	
  
Mars	
   orbital	
   longitude,	
  
shown	
   here	
   in	
   deg	
   over	
  
±10,	
   ±100,	
   and	
   ±1000	
   yrs,	
  
present	
   a	
   special	
   challenge	
  
to	
   the	
   accurate	
   computa-­‐
5on	
   of	
   the	
   solar	
   5me	
   and	
  
seasons	
  there.	
  	
  (The	
  1748yr	
  
“great	
   inequality”	
   results	
  
from	
   interac5ons	
   with	
  
Earth	
  and	
  Jupiter.)	
  

The	
  Bumpy	
  Orbit	
  
of	
  Mars	
  



Mars	
  Sol	
  Date	
  	
  (Allison	
  &	
  McEwen,	
  2000;	
  Planet.	
  Space	
  Sci.	
  48,	
  215.)	
  
Provides	
  a	
  sequen5al	
  reckoning	
  of	
  Mars	
  mean	
  solar	
  days	
  elapsed	
  since	
  
MJD	
  05521.5	
  =	
  1873	
  Dec	
  29	
  GMT	
  12:04	
  	
  (near	
  Greenwich	
  mean	
  noon)	
  
	
  	
  	
  •At	
  a	
  near	
  coincidence	
  of	
  Mars	
  and	
  Earth	
  solar	
  seasons	
  (Ls	
  277°)	
  and	
  
	
  	
  	
  	
  a	
  near	
  alignment	
  of	
  Mars	
  Airy-­‐0	
  mean	
  midnight	
  and	
  Greenwich	
  noon.	
  
	
  

	
  	
  	
  •The	
  first	
  near	
  alignment	
  of	
  the	
  winter	
  sols5ces	
  prior	
  to	
  the	
  1877	
  perihelic	
  
	
  	
  	
  	
  	
  oppos5on	
  (the	
  first	
  observa5ons	
  of	
  Mars	
  temporal	
  varia5ons).	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MJD	
  –	
  51549.0	
  Defined	
  as	
  	
  MSD	
  =	
  	
  	
  	
  	
  1.02749125	
  	
  	
  +	
  44796.0	
  +	
  k	
  

where	
  	
  	
  k	
  =	
  	
  –	
  0.00096	
  	
  (revised	
  to	
  the	
  prime	
  meridian)	
  

so	
  that	
  MSD	
  44796.0	
  =	
  MJD	
  51549.0	
  =	
  2000	
  Jan	
  6.0	
  
at	
  another	
  near	
  coincidence	
  of	
  Mars-­‐Earth	
  Ls	
  (277°)	
  
and	
  the	
  Airy-­‐0	
  and	
  Greenwich	
  mean	
  midnights.	
  
The	
  interval,	
  1873	
  Dec	
  29.5	
  –	
  	
  2000	
  Jan	
  6.0,	
  is	
  
126.02	
  Julian	
  years	
  =	
  67.00	
  Mars	
  tropical	
  years.	
  



‘Welcome to Mars,’ said a piped voice. ‘The Mars Sol 
Date is one hundred and two thousand, four hundred 
and forty-seven sols.  Local Mean Solar Time is eighteen 
hours and thirty-one minutes.  For the benefit of 
passengers arriving from Earth, it is sixteen thirty-five 
Coordinate Universal Time on March thirteen.’ 

p.235 

Mars	
  Sol	
  Date	
  in	
  ficMon	
  –	
  
	
  
Blue	
  Remembered	
  Earth	
  (New	
  York:	
  	
  Penguin	
  Group,	
  2012)	
  
	
  
Story	
  takes	
  place	
  in	
  2162:	
  

Mars	
  landing	
  on	
  
	
  	
  	
  MSD	
  102447	
  at	
  18:31	
  LMST	
  
=	
  2162	
  March	
  16	
  at	
  16:35	
  UTC.	
  
	
  
Date	
  and	
  5me	
  correspondence	
  obviously	
  
read	
  from	
  Rob	
  Schmunk’s	
  Mars	
  24	
  app!	
  



Two	
  Mars	
  Year	
  Number	
  Proposals	
  (among	
  many	
  many!)	
  
	
  
Clancy	
  et	
  al.	
  (2000,	
  JGR	
  105,	
  9533–9571).	
  	
  “…	
  we	
  apply	
  an	
  arbitrary	
  numbering	
  of	
  
Mars	
  years	
  (year	
  1	
  beginning	
  April	
  11,	
  1955)	
  …”	
  –p.9564.	
  
	
  
[1955	
  April	
  11.5	
  coincides	
  with	
  the	
  occurrence	
  of	
  a	
  Mars	
  vernal	
  equinox	
  (Ls	
  =	
  0°)]	
  
	
  
	
  
Allison	
  and	
  McEwen	
  (2000)	
  number	
  Mars	
  tropical	
  orbit	
  revolu5ons	
  from	
  their	
  
Mars	
  Sol	
  Date	
  epoch,	
  MSD	
  0.0	
  =	
  1873	
  Dec	
  29.5	
  (at	
  Ls	
  =	
  277°)	
  with	
  each	
  new	
  Mars	
  
“year”	
  therefore	
  occurring	
  shortly	
  a_er	
  the	
  northern	
  winter	
  sols5ce.	
  



What is a “Year” . . . On Earth or Mars? 
The tropical year is not (exactly) the interval between 
successive passages of the vernal equinox . . . But the 
time for the Sun’s mean longitude to increase by 360°. 

Cf. Meeus & Savoie (1992) or Aoki and Kinoshita (1982) 



Winter Year 

Spring Year 

Summer 
Year 

Days 

Autumn Yr 

Millenia post-2000 

Tropical Yr 

Earth	
  tropical	
  +	
  solar	
  seasonal	
  “years”	
  



Argues	
  that	
  the	
  anomalis5c	
  year	
  (365.25964	
  days)	
  and	
  not	
  the	
  tropical	
  year	
  (365.24220	
  days)	
  
provides	
  the	
  dominate	
  seasonal	
  frequency	
  forcing	
  for	
  global	
  temperatures,	
  and	
  that	
  the	
  use	
  
of	
  the	
  laoer	
  has	
  badly	
  biased	
  climate	
  analysis!	
  



Specula4on	
  

	
  	
  	
  and	
  wonder	
  –	
  
	
  

Will	
  we	
  ever	
  want	
  to	
  
celebrate	
  Xmas	
  or	
  
Halloween	
  on	
  Mars?	
  

What	
  about	
  the	
  Fourth	
  of	
  
July	
  or	
  May	
  Day?	
  

Or	
  April	
  Fools	
  Day?	
  

What	
  about	
  Apollo	
  11	
  	
  and	
  
Viking	
  Landing	
  Day?	
  
(1969	
  July	
  20	
  &	
  1976	
  July	
  20)	
  



One	
  of	
  many	
  
proposals!	
  



Linda	
  A.	
  Hinov,	
  The	
  Geological	
  Time	
  Scale	
  –	
  Recent	
  Developments	
  and	
  Global	
  
Correla4ons.	
  Cambridge	
  Univ.	
  Press,	
  2004.	
  

Precession	
  of	
  the	
  planetary	
  spin	
  axis	
  







“Modern” developments in 
defined time standards: 
Following the realization of the Earth’s 
variable rotation with its lunar-tidal de-
spinning (by ~2 milliseconds/century), a 
distinction was made between Ephemeris 
Time (ET) and Universal Time (UT). 

Beginning in 1955, atomic clocks became available in several countries and since 
1971 the accepted international time standard has been Temps Atomique 
Internationale (TAI), with Terrestrial Time (TT) the successor to ET, now given as TT = 
ET = TAI + 32.184 s (the difference ET–TAI =32.184s corresponding to the evaluated 
departure ΔT of  Ephemeris Time from Universal Time on 1958 Jan 0. 

–––––––––––––––––––––––––––––––––––––––– 
From 1985 – 2005, the Glossary (Section M) of The Astronomical Almanac included: 
fictitious mean sun:  an imaginary body introduced to define mean solar time; essentially the name of a 
mathematical formula that defined mean solar time.  This concept is no longer used in high precision work.	


  	


HOWEVER … the current definition of UT in terms of the “stellar angle” is matched to 
the former definition derived from Newcomb’s Fictitious Mean Sun."



What	
  Is	
  	
  a	
  Second,	
  Anyway?	
  
Orginally	
  1/(24	
  x 60	
  x 60)	
  =	
  1/86400	
  of	
  an	
  Earth	
  solar	
  day	
  …	
  
but	
  the	
  solar	
  day	
  was	
  itself	
  deKined	
  in	
  terms	
  of	
  the	
  
planetocentric	
  mean	
  motion	
  of	
  the	
  Sun.	
  	
  And	
  so	
  …	
  

Later	
  .	
  .	
  .	
  DeKined	
  (in	
  reference	
  to	
  Newcomb’s	
  mean	
  solar	
  
coordinate	
  formula	
  as	
  “la	
  fraction	
  1/31556925.9747	
  de	
  
l’année	
  tropique	
  1900	
  janvier	
  0	
  á	
  12	
  heures	
  de	
  temps	
  des	
  
ephemerides.”	
  

[i.e.	
  as	
  a	
  speciKied	
  fraction	
  of	
  the	
  1900	
  tropical	
  year]	
  

Today	
  .	
  .	
  .	
  As	
  9,192,631,770	
  periods	
  of	
  the	
  hyperKine	
  transition	
  
of	
  the	
  ground	
  state	
  of	
  cesium-­‐133.	
  

Some	
  say	
  this	
  was	
  too	
  short	
  .	
  .	
  .	
  That	
  leap	
  seconds	
  could	
  have	
  
been	
  avoided	
  for	
  some	
  decades	
  if	
  the	
  second	
  had	
  been	
  deKined	
  
instead	
  as	
  9,192,631,997	
  periods.	
  



Variable Length of Day 
(LoD) and Leap Seconds  
Largely as the result of lunar-tidal 
despinning of the Earth’s rotation, the 
length of day has been slowly 
increasing (approximately 2millsec/cy). 

In order to keep the clock time in step with 
mean solar time, 26 leap seconds have 
been inserted into Universal Time since 
1972, 8 in the 1990’s, but only 3 since!  
(Something is changing?  Could global 
warming have paused the slow-down? ) 

Eclipse	
  Data	
  

ΔT	
  =	
  TT	
  –	
  UTC	
  



Excerpted page from a recent International Telecommuniactions Union 
(ITU) presentation recommending the abandonment of leap seconds.	





Over	
  geological	
  eras,	
  
the	
  Earth’s	
  variable	
  
rota5on	
  accumulates	
  
to	
  large	
  differences	
  
significant	
  to	
  paleo-­‐
climate	
  weather	
  (not	
  
only	
  via	
  the	
  seasonal	
  
year	
  changes	
  but	
  also	
  
the	
  Rossby	
  radius	
  etc).	
  	
  
Shortly	
  a_er	
  the	
  Moon	
  
was	
  formed,	
  the	
  
Earth’s	
  rota5on	
  period	
  
was	
  only	
  about	
  4	
  hrs!	
  



An	
  applicaMon	
  to	
  Titan	
  …	
  



GISS Titan 24 Sunclock –  by Robert Schmunk

Titan Year 29.43 Jyr
Titan Sidereal Day 15.945 d
Titan Mean Solar Day 15.969 d



NH	
   SH	
  

Today	
   32	
  kyr	
  BP	
  

Why	
  does	
  Titan’s	
  northern	
  hemisphere	
  favor	
  
methane	
  lakes?	
  

Cassini	
  Radar	
  Maps	
  

Mul5-­‐millenial	
  changes	
  in	
  
summer	
  and	
  peak	
  insola5on	
  
at	
  the	
  poles	
  may	
  have	
  
imposed	
  a	
  controlling	
  shi_	
  in	
  
the	
  accumulated	
  evapora5on	
  
and	
  precipia5on.	
  



Several	
   recent	
   papers	
   stress	
   the	
   possibility	
   of	
  
ar5ficial	
   phase	
   shi_s	
   in	
   the	
   simulated	
   climates	
  
of	
   General	
   Circula5on	
   Models	
   as	
   a	
   result	
   of	
  
their	
  analysis	
   in	
  terms	
  of	
  “fixed	
  day”	
  calendars	
  
–	
  holding	
  the	
  equinox	
  to	
  a	
  fixed	
  day	
  of	
  the	
  year	
  
–	
  as	
  opposed	
  to	
  “fixed	
  angular”	
  calendars	
  with	
  
months	
   grouped	
   to	
   the	
   same	
   intervals	
   of	
   the	
  
solar	
  longitude.	
  	
  Chen	
  et	
  al.	
  (2011)	
  and	
  Timm	
  et	
  
al.	
  (2008)	
  recommend	
  a	
  fixed	
  angle	
  approach.	
  

Paleo	
  Calendar	
  Conundrums	
  



Closing	
  thoughts	
  on	
  solar	
  Mming	
  for	
  planetary	
  GCMs	
  …	
  


